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Abstract
Changes in the multi-pole errors of the super- conducting
magnets in the LHC affect important beam parameters such
as tune, coupling and chromaticity. In the following we
estimate the resulting changes in the beam parameters for
the expected magnet errors during beam accumulation and
ramp, and identify error components which require a dedi-
cated compensation of the time dependent effects.
1 INTRODUCTION
Operating the LHC with high beam intensities requires a
tight control of the beam losses in the super-conducting
magnets. The quench limit of the main dipole magnets is
Nquench = 7 · 108 protons/m/s. Compared to the design
beam intensity of 0.5 A per beam, this corresponds to a
relative beam loss of less than 2 · 10−4 % of the nominal
beam intensity. Thus, the machine operation requires large
beam lifetimes and/or an efficient collimation system at all
stages of the operation (injection, ramp and luminosity op-
eration). For example, a beam lifetime of 2 hours implies
a collimation efficiency of 98.4 %. The beam lifetime in
the LHC depends on the ratio of the mechanical (MA) and
dynamical (DA) aperture. The base line design of the LHC
collimation system requires a primary collimator position
of 7 σ and allows a peak orbit distortion of 4 mm. (Orbit
distortions of more than 4 mm require a smaller aperture
of the collimation system.) The DA depends on the tune
and the multi-pole error distribution of the magnets in the
machine and a sufficient large beam lifetime depends on a
tight control of the magnet errors, the tune and the orbit of
the machine.
Each arc in the LHC is equipped with correction circuits
for the most important multi-pole components. Each mag-
net will be measured cold before installation in the tunnel
and the correction circuits will be adjusted to compensate
the measured error distribution in the machine. However,
the magnet errors in the machine are not constant. The per-
sistent current decay in the super- conducting magnets of
the LHC changes the magnet errors during injection over a
time period of approximately 30 minutes. At the beginning
of the ramp the multi-pole errors change abruptly back to
their initial values and during the ramp the multi-pole errors
change due to ramp induced current perturbations, requir-
ing a readjustment of the compensation circuits at all stages
of the LHC operation. To make things worse, the persistent
current decay and snap-back depend on the magnet history
(time at flat top on the previous cycle and time at injection)
(see Luca Botturas talk for more details). For a given cy-
cle history the magnet measurements allow a prediction of
the time dependent effects with a 80 % accuracy. Table 1
lists the maximum values of the expected dipole errors due
to persistent current decay and ramp-induced effects and
Table 2 shows the focusing errors in the main quadrupole
magnets. Table 3 summarises the allowed tolerances for
some key beam parameters which are based on experience
with the beam operation in HERA and were discussed in
the 1997 Dynamic effects workshop at CERN.
Error
Order Persistent Current Ramp-Induced
s u r s u r
b1 2.6 0.3 0.75 5.4 1.6 1.1
b2 0.0001 0.083 0.2 0.0 0.663 1.53
a2 0.0 0.032 0.8 0.0 0.748 1.7
b3 3.309 0.376 0.95 0.97 0.246 0.55
a3 0.0 0.272 0.67 0.0 0.116 0.26
b4 -0.0007 0.084 0.21 0.0 0.093 0.21
b5 -0.357 0.342 0.84 -0.129 0.15 0.34
Table 1: Expected dipole errors in units of 10−4 for a ref-
erence radius of Rref = 17mm.
Error
Order Persistent Current Ramp-Induced
s u r s u r
b2 1.68 - 0.56 16.7 5.01 2.7
Table 2: Expected focusing errors in the main quadrupoles
in units of 10−4.
δp/p0 Orbit δQ ∆Q δξ
 10−4 < 4mm < 3 · 10−3 < 10−2 1↔ 2
Table 3: Tolerances for key beam parameters
The maximum orbit distortion in Table 3 assumes a max-
imum static error of 3.5 mm and a dynamic change of the
orbit of 0.5 mm in the arcs. At the IPs and in the cleaning
and injection sections the maximum orbit distortions must
further be limited to less than 0.2 σ. In the following we
estimate the resulting changes in the beam parameters for
the expected magnet errors and identify error components
which require a dedicated compensation of the time depen-
dent effects.
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ρ · 2 · sin (π ·Q)cdotb1 · 10
−4 (1)
where β is the β-function, Q the tune, σ the beam sigma,
ρ the radius of curvature, l the magnet length and b 1 the
dipole field error in units of 10−4. Inserting a maximum
β-function of 180 meter, Q = .3 and ρ = 2770 yields and
setting
√
β · 10−4 ≈ σ at injection we get:
δXmax < 3 · 10−3 · b1 · σ. (2)
b1 Random Taking the incoherent sum of Equation (2)
over approximately 1100 dipole kicks (number of main
dipole magnets) yields for the maximum orbit excursion
due to a random b1 error:
δXmax = 1.5 · b1 · σ. (3)
Requiring that the total orbit error must be smaller than
0.2 σ of the beam size yields for the maximum allowed
random b1 error:
b1(R) < 0.13. (4)
This is approximately one order of magnitude smaller than
the random b1 errors due to persistent current decay and
ramp-induced effects (see Table 1). In other words, as-
suming that the snap-back occurs over a time interval of
70 seconds (see the talks by Luca Bottura and Alan Burns)
the random b1 error in Table 1 requires an orbit correction
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Figure 1: Orbit distortion in mm along the machine for
b1(R) = 0.75.
b1 Uncertainty A systematic b1 error per arc yields a
maximum orbit excursion of
δXmax = Dx(s) · b1 · 10−4. (5)
Inserting a maximum dispersion of 2.3 m in the arcs and
2.5 m in the cleaning insertions and requiring that the max-
imum orbit error must be smaller than 0.2 σ yields for the
maximum allowed systematic b1 error per arc:
b1(U) < 0.8. (6)
The systematic b1 error per arc due to persistent error decay
is smaller than the maximum allowed error. However, the
ramp-induced error in Table 1 is twice as large as the al-
lowed maximum value requiring a dynamic correction dur-
ing the ramp.
b1 Systematic A systematic b1 error in all arcs results
in an energy error and a tune change. The energy error in







= b1 · 10−4 (8)
Capturing the proton bunches from the SPS in the LHC RF
buckets requires that the beam energy in the LHC satisfies
∆p
p0
 10−4 → b1(S) 10−4 (9)
during the injection process. The systematic b1 error due
to persistent current decays is approximately one order of
magnitude larger than the above limit and requires correc-
tion during the injection process. One possibility for such
a correction is a powering of the horizontal orbit correctors
next to the focusing quadrupoles. The non-local aspect of
this correction method results in an orbit error along the
machine. Fig. 2 shows the resulting orbit distortion for
b1 = 2.6. The orbit distortions are larger than 0.2 σ and
require correction. Remembering that the persistent error
decays occur over a time period of approximately 30 min-
utes (see the talk by Luca Bottura) this implies an addi-
tional orbit correction every 3 minutes which seems to be a
reasonable correction rate.
The energy error in the machine leads to a tune change
given by
δQ = ξnat · δp
p0
(10)
= ξnat · b1 · 10−4. (11)
Inserting a natural chromaticity of ξnat = 100 and b1 =
5.4 due to ramp induced effects yields a tune change of
δQ = 5.4 · 10−2 for the LHC which implies a tune correc-
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Figure 2: Orbit distortion in mm along the machine for
b1(S) = 2.6 and a b1 compensation using the horizontal
orbit correctors next to the focusing quadrupoles.
2.2 Tune Tolerances
The LHC arc cells have a phase advance of approximately
90◦, yielding a tune change of approximately 0.25. Each
arc in the LHC has 27 cells (23 arc cells and 2 dispersion
suppressor cells on each side of the arc) yielding a total
tune of
δQ = 54 · b2 · 10−4. (12)
Requiring a tune change of less than 10−3 yields for the
maximum tolerable b2 error
b2(S) < 0.55. (13)
The b2 errors of the main arc quadrupoles are approxi-
mately one order of magnitude larger than the above limit
(see Table 2) and require correction at injection and during
the ramp.
2.3 Coupling Tolerances
The tune split due to coupling must be small compared to
the tune separation at injection and luminosity operation.
The tune separation in the LHC is ∆Q = 0.03 and ∆Q =
0.01 at injection and luminosity operation respectively. The
tune split due to an isolated coupling resonance is given by
(minimum tune approach)
∆Q = c−, (14)







Rref · ρ · a2 · 10
−4. (15)
l is the magnet length (l = 15m), Rref the reference radius
for the coupling error a2 (Rref = 17mm), ρ the radius of
curvature (ρ = 2770 m) and βx and βy the horizontal and
vertical β-functions (√βx · βy = 78 m).
Random Taking the incoherent sum of Equation (15)
over all main dipoles and inserting the LHC parameters for
βx and βy , ρ and Rref yields the total coupling strength
due to a random skew quadrupole error:
∆Q = 0.014 · a2. (16)
Requiring that the tune split due to the coupling resonance
is smaller than ∆Q  0.01 yields for the maximum al-
lowed skew quadrupole error
a2(R) 0.7. (17)
The random skew quadrupole errors due to persistent cur-
rent decay and ramp induced effects are both smaller than
the above limit and do require correction.
Uncertainty Summing the coupling strength in Equa-
tion (15) over all arc cells and taking the incoherent sum
over all arcs yields for the maximum allowed systematic
skew quadrupole error per arc
∆Q = 0.17 · a2. (18)
Requiring again that the tune split due to the coupling reso-
nance is smaller than ∆Q 0.01 yields for the maximum
allowed skew quadrupole error
a2(U) 0.06. (19)
The systematic skew quadrupole error per arc due to ramp
induced errors is approximately one order of magnitude
larger than the above limit and requires correction during
the ramp.
2.4 b3 and Chromaticity
The systematic b3 persistent error decay in the main dipole
magnets changes the chromaticity of the machine by
∆ξ = 52 · b3. (20)
Requiring a chromaticity change of less than 2 units yields
for the maximum tolerable b3 error
b3(S) < 0.02 (21)
which is two orders of magnitude larger than the persistent
current decay given in Table 1.
2.5 a3 and Chromatic Coupling
Dispersion in the main dipole magnets leads to a feed down
of the multi-pole errors. For the a3 error the feed down
results in a chromatic coupling coefficient which changes
with the momentum error of the particle. The chromatic
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Random Inserting a relative momentum error of 10−3
and a magnet length of 15 meter and taking the incoherent
sum of Equation (22) over all magnets, one obtains for the
total coupling coefficient
c− = 0.0048 · a3. (23)
Requiring a minimal tune split due to coupling of less than
0.01 yields for the maximum tolerable a3 error
a3(R) << 2.1, (24)
which is larger than the a3 error due to persistent current
decay and ramp-induced errors.
Uncertainty Taking the sum of Equation (22) over all
dipole magnets per arc and the incoherent sum over all arcs
one obtains for the total coupling coefficient
c− = 0.059 · a3. (25)
Requiring a minimal tune split due to coupling of less than
0.01 yields for the maximum tolerable a3 error
a3(U) << 0.17, (26)
which is of the same order of magnitude as the errors due
to persistent current decay and the ramp induced effects in
Table 1.
2.6 b4
A b4 error leads to a detuning with amplitude and reso-
nance driving terms. Both effects reduce the available dy-
namic aperture. In order to estimate the maximum toler-
able b4 error due to dynamic effects we compare the b4
errors in Table 1 with the systematic octupole error due to
geometric errors in the magnet coils. A sufficient dynamic
aperture (DA > 11 σ) in the LHC requires a compensa-
tion of the systematic geometrical octupole error (system-
atic and uncertainty) with an accuracy better than 80 %.
Thus, the systematic ocutpole errors due to dynamic ef-
fect must be smaller than 20 % of the geometrical oc-
tupole error (b4,geom(S) = 0.22, b4,geom(U) = 0.344,
b4,geom(R) = 0.491) yielding for the maximum tolerable
b4 errors
b4(S) < 0.04. (27)
and
b4(U) < 0.07. (28)
The systematic b4 errors per arc in Table 1 are larger than
the limit in Equation (28) and require correction.
The random component of the geometrical octupole er-
ror is not corrected in the LHC. For the current error ta-
ble (table 9901), a uncorrected random octupole error of
b4(R) = 0.491 still yields a sufficient dynamic aperture
for the LHC. Thus, the maximum tolerable random b 4 er-
ror due to dynamic effects must be smaller than this limit,
yielding
b4(R) < 0.491. (29)
The random b4 errors in Table 1 are both smaller than the
above limit and require no correction.
2.7 b5
A b5 error leads to a Q||| (third order chromaticity) and a
b4 feed down. The dominant b5 error at injection is the sys-
tematic b5 error due to persistent currents. The dynamic b5
error is approximately 30 % of the static b5 persistent cur-
rent error. Applying the same argument as in Section 2.6
that the dynamic b5 error must be less than 20 % of the
dominant static error implies that the b5 error due to per-
sistent error decay and snap-back needs to be corrected at
injection and the beginning of the ramp. The ramp-induced
b5 error in Table 1 is approximately three times smaller than
the error caused by the persistent current decay, and thus
does not need to be corrected.
3 SUMMARY
error decay ramp induced
type limit meas corr meas corr
b1(S) 0.3 2.6 yes→% 5.42 yes→%
b1(U) 0.8 0.295 no 1.6 yes
b1(R) 0.13 0.75 yes 1.1 yes→%
a2(R) 0.8 0.8 yes 1.7 yes
b∗2(S) 0.55 1.68 yes 16.7 yes→%
b3(S) 0.02 3.3 yes→%% 0.97 yes→%
a3(R) 2.1 0.67 no 0.26 no
a3(U) 0.17 0.272 yes 0.116 yes
b4(R) 0.491 0.21 no 0.21 no
b4(U) 0.07 0.084 yes 0.093 yes
b5(S) 0.18 0.36 yes 0.129 no
Table 4: Required correction levels for the individual dy-
namic multi-pole errors. The b2 error comes from the main
quadrupole magnets. All other error components are those
of the main dipole magnets. The entries in the columns la-
belled ’corr’ indicate if an error component requires cor-
rection. ’yes’ implies a correction by less than 80 % of
the full dynamic error. ’yes→ %’ implies a correction by
more than 90 % of the full dynamic error and ’yes→ %%’
implies a correction by more than 99 % of the nominal dy-
namic error.
Table 4 summarises the results of Section 2. The b2 er-
ror comes from the main quadrupole magnets. All other
error components are those of the main dipole magnets.
The numbers in the column labelled ’limit’ give the maxi-
mum tolerable multi-pole errors obtained in Section 2. The
numbers in the column labelled ’meas’ give the measured
or expected multi-pole errors (see the talk by Luca Bot-
tura for more details). The entries in the columns labelled
’corr’ indicate if an error component requires correction.
’yes’ implies a correction by less than 80 % of the full dy-
namic error. Keeping in mind that the dynamic errors are
predictable within 80 % from magnet measurements this
implies that the correction can be done by feed forward
from magnet measurements alone. The following multi-
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pole components fall in this category:
b1(R), b1(U), a2(R), b2(S), a3(U), b4(U), b5(S)
’yes → %’ implies a correction by more than 90 % of
the full dynamic error and the correction can not be done
by a feed forward correction from magnet measurements
alone. The following multi-pole errors fall in this category:
b1(S), b1(R), b2(S)
The correction of the b1(S) error can use measurements
form the reference magnets (Hall probes). The correction
of the b1(R) and the b2(S) require a measurement of the
orbit and the tune in the machine respectively.
’yes → %%’ implies a correction by more than 99 %
of the nominal dynamic error. This correction accuracy ap-
plies only for the b3 error and the correction relies in this
case not only on data from the magnet measurements but
also on online measurements from the reference magnets
and beam parameters (chromaticity).
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